Background/Objectives: Recent studies have shown that a high breast volume predicts visceral adipose tissue (VAT) and risk for type 2 diabetes independently of body mass index (BMI) and waist circumference (WC). To investigate the relationships between breast adipose tissue (BrAT), body fat distribution and cardiometabolic risk factors. Subjects/Methods: In all, 97 healthy females (age 19-46 years, BMI 16.8-46.8 kg/m 2 ) were examined cross-sectionally. A subgroup of 57 overweight and obese women (BMI 34.7±4.5 kg/m 2 ) was investigated before and after diet-induced weight loss (À8.3 ± 4 kg). Fat mass (FM) was measured by air-displacement plethysmography. Volumes of BrAT, VAT and subcutaneous adipose tissue (SAT) of the trunk and extremeties were assessed by whole-body magnetic resonance imaging (MRI). Cardiometabolic risk was assessed by lipid profile, fasting glucose, insulin, adiponectin and leptin levels. Results: A high proportion of BrAT was associated with higher truncal and lower leg SAT. Weight loss-induced decline in BrAT as a percentage of total adipose tissue was correlated with decreases in SAT trunk and inversely with SAT legs and VAT. No relationships were found between BrAT and cardiometabolic risk factors. By contrast, SAT trunk and VAT showed positive and SAT legs inverse associations with cardiometabolic risk factors in cross-sectional as well as longitudinal analysis. The association between BrAT and VAT was lost after adjusting for %FM and truncal SAT. Conclusions: Our results indicate that high BrAT reflects a phenotype with increased SAT trunk and low SAT legs . BrAT showed no independent relationships with VAT and cardiometabolic risk factors.
Introduction
The influence of different compartments of adipose tissue (AT) on cardiovascular disease and type 2 diabetes has been intensively investigated. Some AT depots like visceral adipose tissue (VAT), inter-muscular AT and pericardial AT enhance the risk of developing these diseases (Boyko et al., 2000; Goodpaster et al., 2000; Wang et al., 2009) , whereas subcutaneous adipose tissue (SAT) of the legs is protective (Snijder et al., 2004) . Breast tissue consists of B60% AT (Cruz-Korchin et al., 2002) , and is considered to belong to the truncal SAT (Saunders et al., 2009) , which has been recently examined for its influence on cardiometabolic risk. Results from a prospective cohort study suggest that large breast size in late adolescence may predict the risk of developing type 2 diabetes in middle age independent of body mass index (BMI) and waist circumference (WC) (Ray et al., 2008) . However, the mechanisms underlying the relationship between breast size and type 2 diabetes remain unclear.
Apart from an independent relationship with cardiometabolic risk factors, breast volume might be a predictor for high risk AT (Janiszewski et al., 2010) . Women with greater breast size for a given BMI and WC had more VAT than women with smaller breast volume (Janiszewski et al., 2010) . In addition, redistribution of body fat following antiretroviral therapy with protease inhibitors led to a breast enlargement at a concomitant increase in trunk fat in HIV-infected women, whereas leg fat decreased (Gervasoni et al., 1999) . In line with these findings, liposuction of SAT of the abdomen, hiprolls or thighs caused a breast enlargement of at least one cup in 40-50% of female patients (Finzi, 2003; Yun et al., 2003; van der Lei et al., 2007) as well as an increase in VAT (Matarasso et al., 1998) . In summary, previous studies suggest that breast volume or more precisely breast adipose tissue (BrAT) is linked to VAT and may be an independent risk factor. To the best of our knowledge, the effect of dietinduced weight loss on the relationship between BrAT and other fat depots is unknown.
The aim of our study was to analyse the eligibility of BrAT as an indicator for a high-risk phenotype of body fat distribution characterized by high amounts of VAT and lower amounts of leg AT. Furthermore, we investigated if BrAT is independently associated with common cardiometabolic risk factors. Both issues were investigated in a cross-sectional study of young women with a wide BMI range (16.8-46.8 kg/m 2 ). In a subgroup of overweight and obese women, we investigated the influence of diet-induced weight loss on the relationship between changes in BrAT and other AT depots.
Subjects and methods
Participants included 57 overweight and obese Caucasian women (BMI X28 kg/m 2 , age 19-46 years) who were recruited by notice board postings and advertisements in the local newspaper to undergo a diet-induced weight loss program. They were examined before (T0) and after weight loss (T1). During 14.2 ± 4 weeks of weight-loss intervention subjects received a low-calorie, nutritionally balanced diet containing 800-1000 kcal/day. In all, 434 kcal/day (two meals) were supplied in the form of a powdered preparation, which was reconstituted to a liquid formula (BCM-Diät, PreCon, Darmstadt, Germany) and provided all nutrients according to recommended daily allowance. A third meal of a maximum of 400 kcal was chosen individually.
Another 40 Caucasian women .7 kg/m 2 , age 23-41 years) participated in a cross-sectional study. Both studies have been conducted at the Institute for Human Nutrition at Christian-Albrechts University. Detailed study protocols are given elsewhere (Later et al., 2008; Bosy-Westphal et al., 2010) . Exclusion criteria were metallic implants, smoking, pregnancy or chronical illness as well as any medication that has an influence on body composition. The study protocols were approved by the local ethical commitee of the Christian-Albrechts-Universität zu Kiel. Each subject provided informed written consent before participation.
Anthropometric measurements
Body height was measured to the nearest 0.5 cm with subjects wearing no shoes (Seca stadiometer; Vogel and Halke, Hamburg, Germany). Weight was assessed to the nearest 0.01 kg with an electronic scale (TANITA, Tokyo, Japan). With a non-elastic measurement tape, WC was measured to the nearest 0.1 cm midway between lowest rib and iliac crest at the end of normal exhalation.
Air-displacement plethysmography
Percentage fat mass (%FM) was assessed with air-displacement plethysmography using the BOD-POD device (Life Measurement Instruments, Concord, CA, USA). Before each measurement a two-step calibration was carried out. In the first step, the volume of the empty chamber was measured, and in the second step, the volume of a 50-L calibration cylinder was measured. Afterwards, two repeated body volume measurements were performed, averaged and corrected for predicted body surface area and measured thoracic gas volume using the BOD-POD software (version 1.69, Life Measurement, Inc., Concord, CA, USA). %FM was calculated from body mass and volume via body density (Siri, 1993) .
Magnetic resonance imaging MRI protocols are described in detail elsewhere Later et al., 2010) . Briefly, scans were obtained with a 1.5-T scanner (Magnetom Vision or Avanto, Siemens, Erlangen, Germany) in T1-weighted gradient echo sequence (TR 575 ms, TE 15 ms for Magnetom Vision and TR 157 ms, TE 4 ms for Siemens Avanto). Slice thickness and interslice gaps were 10/10 mm for Magnetom Vision and 8/2 mm for Siemens Avanto. Subjects were placed in a supine position on the platform with their arms extended above their heads. Images were analysed for BrAT, SAT and VAT from wrist to ankle with the semiautomatic SliceOmatic image analysis software (version 4.3; Tomovision, Montreal, Canada) using the mode region growing. In this mode, an observer chooses a lower and upper threshold for the tissue of interest and the pixels are segmented if their brightness lies in between these thresholds.
Arms were segmented from wrist to humerus heads, legs from femur heads to ankle and the trunk was defined as the area between femur heads and humerus heads. Area of SAT trunk was calculated without area of the breasts. Images of head and neck were not segmented. VAT was segmented from the top of the liver to the femur heads. Because this study originally was not designed to measure BrAT, no specific receiver coil was used for obtaining MRI images of the breast. BrAT was segmented as a cross-sectional area of SAT from the humerus heads moving inferiorly until no more breast tissue was visible. The grey-level intensity of the AT in the SAT region was determined and used as a reference. Because the density of BrAT may change during menstrual cycle, only pixels at least 20% darker than this threshold value (mammary ducts, glands and vessels) were excluded from the segmented area. The border to truncal SAT followed individual curvature of the breast, by using the inflection point of the breast shape on both sides of the breasts as a reference point (see illustration in Figure 1 ). The area anterior to the sternum was not segmented as BrAT, but included in truncal SAT. BrAT was analysed anterior until the fascia of the pectoral musculature. Segmentation of BrAT was verified visually by creation of 3-dimensional images of the segmented region.
Cardiometabolic risk factors
Blood samples were taken after an 8-h overnight fast and analysed following standard procedures. High-density lipoprotein (HDL) cholesterol was assessed enzymatically by Konelab-20i-Analyzer (Konelab, Espoo, Finland; intra-assay coefficient of variation (CV) o3.5%). Plasma glucose was analysed enzymatically with a Konelab-Test-Kit (Thermo Clinical Labsystems, Frankfurt, Germany; intra-assay CV ¼ 2.2%). Radioimmunoassays were used to measure plasma insulin (Adaltis, Freiburg, Germany; CV o5.4%), serum leptin and adiponectin concentrations (Linco Research, St Charles, MO, USA). Intra-assay CVs were 4-8% (leptin) and 2-7% (adiponectin). Insulin resistance was calculated by homoeostasis model assessment (Matthews et al., 1985) .
Statistical analysis
All data are given as mean values ± s.d. Statistical analysis was performed by using SPSS for Windows 15.0 (SPSS Inc., Chicago, IL, USA). Partial correlations were used to calculate relationships between variables independent of age. Adipose depots were given as a percentage of total AT in order to characterize fat distribution independent of adiposity. Linear regression analyses were used to determine the relationships between different depots of AT. All tests were two-tailed and a P-value o0.05 was accepted as the limit of significance.
Results
Cross-sectional study Anthropometric parameters, body composition, cardiometabolic risk factors and levels of adipokines in all participants are shown in Table 1 . The study population showed a wide BMI range with a prevalence for normal weight of 41%, for overweight of 11%. In all, 48% of the participants were obese. Intra-observer CVs based on comparison of repeated segmentations of the MRI scans were 1.8% for BrAT, 1.0% for VAT and 0.9% for SAT.
Associations between BrAT and other ATs. BrAT correlated with all anthropometric variables: body weight (r ¼ 0.78), BMI (r ¼ 0.80), WC (r ¼ 0.77) as well as with other AT depots including VAT (r ¼ 0.63), SAT trunk (r ¼ 0.78), SAT arms (r ¼ 0.78) and SAT legs (r ¼ 0.67, all Po0.01).
Partial correlations adjusted for age between BrAT and other AT depots are presented in Table 2 . BrAT positively correlated with all other ATs. The highest r-value was seen for the correlation with SAT trunk , the lowest correlation coefficient was calculated for VAT. Age-adjusted partial correlations between different adipose depots as a percentage of total AT showed an inverse association between BrAT and SAT legs only. VAT also showed an inverse Figure 1 Assessment of BrAT volume. Unsegmented MRI images of upper, middle and lower level of the breast (left panels), segmented MRI images for the assessment of BrAT before (age 30 years, BMI T0: 31.9) (middle panels) and after 10.9 kg weight loss (BMI T1: 27.6) (right panels).
Breast adipose tissue and body fat distribution B Schautz et al association with SAT legs and was additionally correlated with SAT trunk . In a stepwise linear regression analysis using VAT as the dependent variable and BrAT, SAT trunk , SAT legs and SAT arms as independent variables, only SAT trunk (b ¼ 0.93, Po0.001) and SAT legs (b ¼ À0.48, Po0.01) were significant independent predictors of VAT explaining 61.5% of the variance in VAT.
Associations between different ATs, cardiometabolic risk factors and adipokines. Partial correlation coefficients adjusted for age for associations between different AT depots as a percentage of total AT and cardiometabolic risk factors or adipokines are shown in Table 3 . BrAT as a percentage of total AT had no association with cardiometabolic risk factors or plasma levels of leptin and adiponectin. By contrast, SAT trunk as well as VAT were positively associated with levels of leptin and triglycerides and showed inverse correlations with HDL cholesterol and adiponectin. Only SAT trunk correlated with HOMA-IR (homoeostasis model assessment for insulin resistance). By contrast, SAT legs was positively associated with adiponectin and HDL cholesterol and negatively with plasma triglycerides, HOMA-IR and leptin. Thus, a fat distribution characterized by high proportions of SAT trunk and VAT was associated with increased cardiometabolic risk, whereas a high amount of SAT legs reflected a favourable profile of blood parameters.
Effect of weight-loss intervention on associations between different AT depots As shown in Table 4 , overweight and obese subjects lost a mean of À8.3 ± 4 kg body weight during the intervention. FM as well as all AT depots were significantly reduced by 10-20% of the initial values. Weight loss-associated decreases in BrAT, SAT trunk and VAT were similar. When compared with the other AT depots, reduction of SAT legs was lower. Plasma levels of leptin, adiponectin as well as HOMA-IR decreased with weight loss, whereas levels of triglycerides and HDL cholesterol remained unchanged.
Decreases in different ATs were inter-correlated (see Table 5 ). By contrast, the decline in SAT arms had no association with the decrease in VAT. Decreases in BrAT correlated with decreases in VAT and all depots of SAT. The highest r-values were observed for the correlation between BrAT and SAT trunk . 
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Decreases in BrAT and SAT trunk or SAT arms (in % of the decrease of total AT) were positively correlated, whereas the relationships between BrAT and SAT legs or VAT were inverse.
The decline in VAT correlated with the decrease in HOMA-IR (r ¼ 0.42, Po0.05). However, no further correlations between decreases in AT depots and the change in cardiometabolic risk factors or adipokines were found.
Discussion
The major finding of our cross-sectional and longitudinal study is that high amounts of BrAT are associated with an adverse body fat distribution characterized by increased truncal and less gluteofemoral SAT. By contrast, BrAT as a percentage of total AT was not associated with the proportion of VAT. There was also no independent association between BrAT and cardiometabolic risk factors or plasma levels of adipokines.
Is BrAT an indicator for a high-risk phenotype of fat distribution?
Our results indicate that body fat distribution with a high proportion of BrAT reflects a phenotype with elevated truncal SAT and low leg SAT. The associations between BrAT, truncal and leg SAT were also seen in the case of diet-induced weight loss. In contrast to our results, a recent study found a relationship between breast volume and VAT independent of BMI and WC (Janiszewski et al., 2010) . These authors examined 92 overweight premenopausal women by using MRI scans for volumetric assessment of the breasts. In line with the findings of Janiszewski et al. (2010) , we also observed an association between BrAT and VAT. But this association was no longer significant using adipose depots as a percentage of total AT. By contrast, there was a strong correlation between BrAT and truncal SAT (Table 2) . In a regression analysis, BrAT explained 63% of the variance in VAT. However, after including BMI and WC or %FM and SAT trunk in the prediction model, BrAT was no independent predictor of VAT (b ¼ 0.11, P ¼ 0.31; b ¼ 0.13, P ¼ 0.21). The discrepant results between our study and the study by Janiszewski et al. (2010) might be due to different positioning in the MR scanner (General Electric, Fair Field, CT, USA). Janiszewski et al. placed their subjects in a prone position, whereas participants of our study were lying in a supine position. Thus, in our protocol, it was possible to follow the curvature of the breast and to discriminate between breast and truncal AT more precisely. However, the major difference between the MRI procedures is the use of anatomical landmarks in our contiguous protocol, whereas Janiszewski et al. have chosen a fixed distance of 20 cm (5 cm below and 15 cm above L4-L5) every 5 cm for assessment of VAT and abdominal SAT. This may add to the discrepant findings of both studies.
Consistent with previous studies on correlations between VAT and risk factors for cardiometabolic disease (Despres et al., 1995; Williams et al., 1997; Rexrode et al., 1998) , we also found positive associations between VAT and cardiometabolic risk factors (Table 3) . Unlike VAT, the influence of truncal SAT on cardiometabolic risk remains controversial. Some results suggest a positive association with cardiovascular disease (Van Pelt et al., 2005) , whereas in the case of high VAT, SAT trunk was found to be protective against the metabolic syndrome (Demerath et al., 2008) . When compared with VAT, SAT trunk was weaker associated with Breast adipose tissue and body fat distribution B Schautz et al insulin resistance (Gautier et al., 1998; Wajchenberg, 2000; Wajchenberg et al., 2002) whereas others have shown higher correlations (Goodpaster et al., 1997) . In our study, truncal SAT was correlated with an adverse profile of cardiometabolic risk factors and adipokines (Table 3) . However, VAT and truncal SAT are also highly inter-correlated (see Tables  2 and 5) .
BrAT was inversely associated with gluteofemoral AT (see Tables 2 and 5 ). SAT legs is the only AT depot, which is inversely associated with insulin resistance (Snijder et al., 2004 (Snijder et al., , 2005 and cardiometabolic risk (Van Pelt et al., 2002 . This is in line with our data showing that SAT legs was negatively associated with cardiometabolic risk factors and positively with adiponectin (Table 3) . Loss of gluteofemoral fat may thus lead to a reduced propensity for storing fat away from the visceral compartment (Van Pelt et al., 2005) and therefore may cause an increase in ectopic fat (Lemieux, 2004) . Redistribution of body fat in HIV-infected patients (Miller et al., 1998; Gervasoni et al., 1999) as well as in patients undergoing liposuction (Yun et al., 2003) of hiprolls, thighs and the abdomen lead to breast enlargement. The relationships we found between BrAT and truncal or gluteofemoral AT (Tables 2 and 5 ) are consistent with these findings.
BrAT showed no correlation with cardiometabolic risk factors (Table 3) . Likewise, Janiszewski et al. (2010) did not find any association between breast volume and serum triglycerides, cholesterol (low-density lipoprotein and HDL) and parameters of glucose metabolism (Janiszewski et al., 2010) . The Nurses Health Study that included 492 000 participants has examined the relationships between breast size and risk of diabetes type 2 (Ray et al., 2008) . The results indicate that self-reported bra cup size at age 20 years significantly predicts the risk of developing type 2 diabetes in middle age, independent of BMI, physical activity, dietary and other conventional risk factors.
Strengths and limitations of the study A strength of our study is the large group of participants with a wide BMI range in the cross-sectional as well as longitudinal analysis.
In addition, the assessment of BrAT by MRI is a major advantage compared with screening of bra cup size in epidemiological studies (Ray et al., 2008) which is an indirect and non-quantitative parameter of BrAT. Breast tissue is a complex consisting of mammary ducts and glands, connective and AT as well as lymphatics (Birkenfeld and Kase, 1994) . AT content of breast volume ranges from 7 to 70% with an average of B60%, but with large interindividual variations (Cruz-Korchin et al., 2002; Vandeweyer and Hertens, 2002; Boston et al., 2005 ). Although we were not able to use a specific receiver coil (Hussain et al., 1999) , the resolution of the MRI images was high enough to exclude mammary ducts and glands. As we excluded area of mammary glands and ducts, we determined AT of the breast instead of breast volume.
As a limitation of our study, the results only apply to premenopausal Caucasian women. The impact of menopausal status and ethnicity on the relationship between BrAT and body fat distribution and cardiometabolic risk requires further investigation.
In summary, our findings suggest that BrAT is an indicator of an adverse body fat distribution characterized by an increased proportion of truncal SAT and less gluteofemoral AT. This might explain the previously reported association between bra cup size and risk of type 2 diabetes (Ray et al., 2008) . However, BrAT was not associated with VAT after adjusting for BMI and WC or adiposity. There were no associations between BrAT and cardiometabolic risk factors.
